Introduction
The EGF receptors are cell surface receptors that belong to the family of epidermal growth factor receptors, which play a crucial role for the growth of both normal tissue and malignant tumors. Four different membrane-bound receptors are known: the epidermal growth factor receptor, HER1 (EGFR/ErbB-1), HER2 (c-erbB2/neu), HER3 (c-erbB3) and HER4 (c-erbB4).
Many different ligands, including epidermal growth factor (EGF) and other ligands (TGF-α, amphiregulin and heregulins) bind to the extracellular ligand-binding domain and cause two inactive receptors monomers to pair and form an active homodimer or heterodimer (when two different members of the EGFR subfamily dimerize). This dimerization activates the intracellular tyrosine kinase and phosphorylates the intracellular domains which again induces a cascade of complex signaling pathways, such as the phosphatidylinositol 3-kinase (PI3K)-AKT pathway and the MAPK pathway, that regulates cell proliferation, differentiation, migration, adhesion and apoptosis (1) .
No ligands for the HER2 receptor has yet been identified and the HER3 receptor does not seem to have self-contained intrinsic tyrosine kinase activity, thus the action of HER2 and HER3 depends upon heterodimeric partnership with the other EGF receptors. Overexpression of HER1 and HER2 receptors has been associated with accelerated tumor progression and resistance to chemotherapy for multiple types of malignancies (2, 3) .
Despite the numerous studies on the expression and clinical significance of HER1 (4-6) and HER2 (3, (7) (8) (9) , the role of these receptors are still controversial in ovarian cancer. Furthermore, only few studies have described the tissue expression of the HER3 and HER4 receptor protein in ovarian cancer. The HER3 receptor is present in the majority of malignant ovarian tumors (10) (11) (12) (13) and one study (14) has also reported that high HER3 expression is a poor prognostic factor in ovarian cancer.
Conflicting results have been reported on HER4 expression. One study (15) found HER4 immunohistochemical expression in 89-93% in 53 patients with ovarian cancer. Another study (13) found no HER4 expression in 17 patients with ovarian cancer examined by Western blotting and a third study (16) found HER4 expressed in one out of ten ovarian cancer patients examined by immunohistochemistry.
There is, however, no comprehensive analysis of the expression of all four receptors in normal ovaries, benign or borderline ovarian tumors since most studies have investigated the expression in malignant tissue and only by using one detection method.
To our knowledge no other study has investigated either the gene expression of HER3 and HER4, or the quantitative protein concentrations in benign or malignant ovarian tissues.
HER1 and HER2 have been described in more detail in ovarian cancer but most studies used immunohistochemical detection of the receptors and the majority of studies were performed on malignant ovarian tumors only.
The receptors of the EGF receptor family are not cancerspecific proteins, which are absent in normal cells. Current data indicate that some of these receptors are expressed to some extent in both normal and benign tissue, but there are no detailed comparisons. High tumor-to-normal-tissue concentration ratios would be favorable for tumor therapy, if any of these receptors are to be used as targets for molecular targeted anti-cancer treatment.
The primary aim of the present study was to measure the quantitative protein concentrations of the four receptors as well as their gene expression levels with the purpose of elucidating the potential different expression in normal, benign, borderline and malignant ovarian tissue.
The second aim of the present work was to examine the correlation between gene expression and protein expression for HER1-HER4 as well as the potential association between the expressions of the receptors.
Patients and methods
Patient data. The study population consisted of 207 unselected patients undergoing surgery for a previously untreated pelvic mass during the period from March 2005 to May 2007. The samples were, after informed consent, collected consecutively. Within 5 min after tumor removal by surgery a tissue sample was obtained. Half of the sample was divided into smaller samples of which some were snap-frozen in liquid nitrogen and stored at -80˚C until investigation while other small samples were fixed immediate in RNA stabilization reagent (RNAlater, Qiagen GmbH, Hilden, Germany) and stored at -20˚C as recommended by the manufacturer. The other half of the sample was fixed in formalin and paraffin-embedded for routine histological examination to ensure that the frozen samples and the RNAlater fixed tissue contained representative tissue. All pathological investigations were performed by a dedicated gynecological pathologist.
The tumors were diagnosed according to WHO 2003 criteria and graded using the Silverberg criteria. Twenty-three patients undergoing oophorectomy and/or hysterectomy for benign non-ovarian diseases served as controls. Histopathologic examination confirmed that their ovaries were normal. The Danish Biomedical Research Ethics Committee and the Danish Data Protection Agency approved the study.
HER1-HER4 protein concentrations
Extraction of proteins. Tissue samples ~60 mg were homogenized in 600 μl lysate buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4, 10% glycerol, 1% Triton X-100 and protease inhibitors) using a modified program for Maxwell™ 16 Instrument (Promega, Madison, WI, USA). After homogenization, the lysate was left to stand at 4˚C for 30 min followed by centrifugation at 16000 g for 15 min at 4˚C. The supernatants were recovered and the protein concentration of each sample was determined using the BCA protein assay (Pierce, Rockford, IL, USA). All results for HER1-HER4 were normalized to the protein concentration.
HER1.
A commercially available enzyme-linked immunosorbent assay (Siemens/Oncogene Science, Cambridge, MA, USA) was used to quantify EGFR in ovarian tissue. Tissue extracts were diluted 50 times in sample diluent and added along with standards and controls (Oncogene Science, USA) to a 96-well microtiter plate coated with a mouse monoclonal anti-(EGFR) antibody. The plate was incubated for 1.5 h at 37˚C. After this incubation step, plates were washed and incubated with an alkaline phosphatase-labeled mouse monoclonal anti-(EGFR) antibody for 0.5 h at room temperature. After washing enzymatic reactions were carried out at room temperature by adding BluePhos substrate and the reaction was stopped after 1 h by the addition of stop solution. Color development was measured at 650 nm by using an automated plate reader (Molecular Devices, Sunnyvale, CA, USA) and the EGFR concentration of the unknown samples were estimated from the standard curve. All samples were analyzed in duplicate and the average of the two was recorded.
HER2. HER2 in ovarian tissue was quantified by the HER-2/ neu assay for the ADVIA Centaur system (Siemens, Tarrytown, NY, USA) as described (17) . The ADVIA Centaur HER-2/neu assay is an automated sandwich immunoassay in two steps using direct chemiluminescent technology. The assay utilizes two monoclonal antibodies (TA-1 and NB-3), one conjugated to fluorescein and the other to acridinium ester, which are specific for two different epitopes of the extracellular domain of HER2. The sample is co-incubated with TA-1 and NB-3 for 5.5 min. After incubation, solid phase, which is composed of purified monoclonal anti-fluorescein antibody covalently coupled to paramagnetic particles, is added and the mixture is incubated for a further 2.75 min. After this final incubation, the immunocomplex formed is washed with water, the reaction is initiated and the chemiluminescence measured is directly proportional to the quantity of HER2 antigen in the sample.
HER3.
A DuoSet ELISA Development kit (R&D Systems, Minneapolis, MN, USA) was used to quantify HER3 in ovarian tissue. The plate was coated with a mouse anti-human HER-3 antibody using 4.0 μg/ml and left to stand ON at room temperature. The plate was washed in PBS containing 0.05% Tween-20 ® , blocked for 1 h using PBS with 1% BSA and washed again. Tissue extracts were diluted 50 times in PBS with 1% BSA. Diluted tissue samples along with standards and controls were dispensed in duplicates to a 96-well plate and incubated for 2 h at room temperature. The plate was washed and incubated for 2 h at room temperature in the presence of a biotinylated mouse anti-human HER-3 antibody using 0.5 μg/ml. After washing HRP-conjugated streptavidin was added and the plate was left to stand for 0.5 h at room temperature. The plate was washed and developed using a 1:1 mixture of tetramethylbenzidine and H 2 O 2 and the reaction was stopped after 0.5-h incubation using 2 N H 2 SO 4 . Bound HER-3 was detected by measuring the absorbance at 450 nm by using an automated plate reader (Molecular Devices) and the HER-3 concentration of the samples was determined from the standard curve.
HER4.
A commercially available DuoSet ELISA Development kit (R&D Systems) was used to quantify HER4 in ovarian tissue. The plate was coated with a mouse anti-human HER4 antibody using 4.0 μg/ml. The steps were the same as described for HER3 except for the secondary antibody used, which were a biotinylated mouse anti-human HER4 antibody used at a concentration of 0.25 μg/ml.
HER2 immunohistochemistry.
Immunostaining was performed on one 4-μm slide from each patient using the HercepTest™ (DakoCytomation, Glostrup, Denmark) as previously described (18) . Positive controls (breast cancer tissue with a 3+ HER2 reaction) were examined together with every tumor slide. The interpretation of HER2 expression was done by two of the authors (K. Dahl Steffensen and M. Waldstrøm). At the time of interpretation none of the authors had any knowledge of the clinical data.
HER1-HER4 gene expression
RNA purification. For purification of RNA from the tissue fixed in RNAlater the Maxwell 16 Total Purification Kit (Promega) was used according to the manufacturer's instructions. In brief, the tissue was cut into small pieces and 400 μl of RNA lysis buffer was added followed by homogenization using a FastPrep FP120 (BIO 101, Qbiogene, Carlsbad, CA) and cooling on ice. 670 μl RNA Dilution Buffer was then added to precipitate sample debris followed by 75 μl Clearing Agent to remove genomic DNA. The sample was subsequently heated to 70˚C for 3 min, mixed, incubated for 5 min at room temperature, transferred to the Clearing Column and cleared by centri- Expression of HER1-4 mRNA was measured using real-time PCR on the ABI PRISM HT 7900 Sequence Detection System, TaqMan (Applied Biosystems, Foster City, CA, USA). The PCR reaction mixture contained 2 μl of cDNA, 12.5 μl TaqMan Gene Expression Master Mix, forward and reverse primer (final concentration of each primer: HER1 and HER2, 600 nM; HER3 and HER4, 300 nM) and 250 nM TaqMan probe in a final volume of 25 μl. The cycling conditions for PCR amplification were performed according to the manufacturer's instructions. Primers were designed using the Primer Express 3.0 program and purchased from Applied Biosystems (Cheshire, UK). Probes were 6-FAM labeled MGB probes (Fig. 1) .
Quantification of HER1 and HER2 was performed by using a standard curve of Stratagene QPCR Human Reference Total RNA (Stratagene, La Jolla, CA, USA). Quantification of HER3 and HER4 was performed by using a standard curve obtained from RNA from the MCF7 cell line. The MCF7 cell line was a kind gift from Dr Boe Sandahl Sørensen, Aarhus University Hospital, Aarhus, Denmark. not normally distributed and the median, the 95% confidence intervals for the median and the range were therefore chosen for data description.
Differences between the patient groups were tested with the non-parametric Mann-Whitney U test. The correlation between protein concentrations and gene expression levels as well as the association between the receptors were calculated by linear regression by fitting a linear equation to the observed data. The strength of the linear association between two variables is reported by the correlation coefficient and by p-values and r 2 (the square of the correlation coefficient which represents the fraction of the variation in one variable that may be explained by the other variable). The different statistics applied to the data are described in the text and figures.
Results
Patient and tumor characteristics are summarized in Table I . The median age for all the included patients was 60.0 years (range 20-88 years), 45.5% of the included patients had an ovarian cancer and the majority of these patients were diagnosed at an advanced stage. As shown in Table I 8.6% of the patients had a borderline tumor, 28.9% a benign ovarian tumor and 10.4% had normal ovaries. The median age for the ovarian cancer patients, borderline ovarian tumors, benign ovarian tumors and patients with normal ovaries were 66.5, 58.7, 57.6 and 50.2 years respectively.
Protein concentrations of HER1-HER4.
From the 207 included patients, 200 samples were obtained for quantitative protein determination. Seven samples were either missing or excluded because the paraffin-embedded formalin fixed control revealed there was not sufficient tumor tissue in the biopsy. From the 200 fresh frozen biopsies, HER1 and HER4 results were available for all the samples. HER2 results were available from 193 patients (7 samples were undetermined) and HER3 from 195 patients (1 sample were missing and 4 samples were undeterminable because of a protein concentration below the standard curve; these samples with low concentrations were one patient with ovarian cancer and three patients with benign tumors).
Median HER1-HER4 protein concentrations are shown in Table IIA for the four different patient groups. The median protein concentrations, for all four receptors, in ovarian cancer patients were significantly different from both patients with benign tumors and patients with normal ovaries. Except for HER1 there was no significant difference between invasive ovarian cancer and borderline ovarian tumors. It is noteable that HER1 protein concentration was lower in the ovarian cancer patients compared to all other diagnostic groups. This is in contrast to HER2-4 where the protein concentrations were higher in the tumor tissue compared to normal and benign tumor tissue.
There was no significant correlation between HER1-3 protein concentrations and age (linear regression analysis, data not shown), but higher HER4 protein concentrations were correlated with increasing age. The cancer patients were significantly older than the other patient groups and age could therefore be a potential confounder for the differences found in HER4 protein concentrations. Multivariate logistic regression models (data not shown) found that the association between HER4 protein concentration and diagnosis were not Table I . Patient characteristics. 
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Results are presented as median and [95% CI median]. P-values refer to the difference between the reported median and the median for ovarian cancer patients (Mann-Whitney U test for differences in medians).
with ovarian cancer and the much lower concentration in patients with benign tumors (p<0.000001). The same applied to patients with normal ovaries (p=0.0016).
Except for higher HER1 protein concentrations in patients with ascites and higher HER4 protein concentrations in patient with grade 2 tumors no associations to classical clinicopathological parameters were found (data not shown). Although there were some differences between the different histological subtypes; mucinous adenocarcinomas showing significantly higher HER2 and HER3 concentrations and clear cell adenocarcinomas showing high HER2 concentrations, these subgroups were too small to make a comparison meaningful.
HER2 immunohistochemistry.
Results from the immunohistochemical staining (IHC) were obtained from 204 patients. Data are presented in Fig. 2 . In the ovarian cancer patients moderate (2+) immunohistochemical staining of HER2 protein were found in nine (9.1%) out of 99 ovarian cancer specimens and intense staining (3+) in five (5.1%) patients. Weak staining (1+) was found in 33.3% of the ovarian cancer patients. None of the other patient groups showed moderate or intense immunohistochemical staining. In the groups of borderline ovarian tumors, benign tumors and the control group of normal ovaries weak (1+) staining was observed in 42.1, 19 and 0% of the cases, respectively.
Increasing immunohistochemical staining was significantly correlated to increasing HER2 protein concentrations. For HER2 IHC 0, 1+, 2+ and 3+ the median HER2 protein concentrations was 16.0, 34.3, 49.7 and 113.6 ng/mg protein, respectively (Fig. 2) . Increasing immunohistochemical staining was also significantly correlated to increasing HER2 gene expression (Fig. 2) .
The concordance between the two authors of the interpretation of the HER2 IHC expression was 82%. Cohen's Kappa for interobserver reliability and reproducibility was 0.65 (Unweighted Kappa -Kappa with linear weighting was 0.72).
Gene expression HER1-HER4.
Results for HER1-3 were obtainable from 187 out of the 207 patients included in this study: 20 samples could not be analyzed for gene expression; six samples were either missing or did not contain sufficient tumor tissue in the RNAlater preserved biopsy and 14 samples contained <95 ng RNA in 15 μl total volume of c-DNA reaction and were therefore not included in the analyses. For HER4 gene expression analysis, an additional four samples (one ovarian cancer, two borderline tumors and one benign tumor) showed gene expression levels below the detection level obtained from the standard curve, so HER4 data from 183 patients were analyzed.
Median HER1-HER4 gene expression levels are shown in Table IIB for the different patient groups. The data presented in Table IIB clearly show that the expression of HER2-4 were significantly higher in the ovarian cancer patients compared to the patients with benign ovarian tumors and to patients with normal ovaries. The table also demonstrates a significant difference between the high HER2 and HER4 gene expression levels in ovarian cancer patients compared to the lower gene expression found in the borderline tumors. In contrast to our findings concerning protein concentrations there were no differences of the HER1 gene expression levels between the different patient groups.
HER3 and HER4 gene expression increased significantly with increasing age. As described for the HER4 protein, age could therefore be a potential confounder in our findings. Again multivariate logistic regression calculations showed that this was not the case since the difference when comparing ovarian cancer patients to patients with benign tumor or to patients with normal ovaries were still highly significant after age adjustment (data not shown).
No statistical association with HER1-HER4 gene expression levels and clinicopathological characteristics except for higher HER4 median gene expression in grade 2 and 3 tumors were found (data not shown). Clear cell adenocarcinomas showed higher gene expression levels of HER2 and HER4 and mucinous adenocarcinomas showed higher expression of HER2, 3 and 4. As previously described, the histological subgroups were too small to make a comparison reasonable.
Correlation between protein concentration and gene expression. Linear regression analysis of the relationship between protein concentrations and gene expression were performed. These data are presented in Fig. 3 . We identified a statistically significant positive correlation between the protein concentration and the gene expression level for all four receptors. Fig. 4 underlines that the low gene expression found for HER3 and HER4 translates into a low HER3 and HER4 protein concentration.
Association between HER1-HER4. High concentrations of HER2 protein were highly correlated with high concentrations of HER3 protein (correlation 0.41, p<0.00001) in the ovarian cancer patients. Also, a correlation between HER3 and HER4 protein levels were found (correlation 0.24, p=0.03). None of the other receptors were significantly associated. At the gene expression level the only correlation was seen between HER2 and HER4 (correlation 0.26, p=0.01).
Discussion
Differences in protein expression as well as in gene expression levels between normal tissue and cancer tissue should be taken into account when exploring new targeted therapeutic regimens. A major challenge for all targeted therapies is to identify simple and effective therapeutic targets. Accurate measurement of the targets is also essential. Most studies on ovarian cancer and HER2 have evaluated the HER2 protein expression by immunohistochemistry and fluorescence in situ hybridization (FISH) with a high reported concordance between these two methods (18, 19) . Nevertheless, immunohistochemistry is only semi-quantitative and for HER1 there are severe difficulties in predicting response to anti-HER1 therapies by HER1 immunohistochemical testing (20) (21) (22) (23) . To our knowledge, this is the first study that describes quantitative levels of all four receptors of the EGF receptor family in ovarian cancer as well as their gene expression levels. HER1 and HER2 are by far the two most studied receptors. In contrast, the literature on HER3 and HER4 in ovarian cancer is very limited.
Our present study indicate a major difference between the HER3 and HER4 gene expression in ovarian cancer compared to benign ovarian tumors and to normal ovarian tissue. HER3 and HER4 gene expression was very low in benign ovarian tumors and in normal ovarian tissue. This was underlined when translated into proteins where HER3 and HER4 protein concentrations showed to be significantly lower compared to the ovarian cancer group. Some genes are constitutive; others go from extremely low expression to high expression when 'turned on'. Our data indicate that the genes for HER3 and HER4 are almost completely turned off in normal ovaries and in benign ovarian tumors and at some point during carcinogenesis the expression of HER3 and HER4 get turned on and may exhibit a profound effect on cell pathophysiology. The HER2 analysis also revealed a highly significant difference between the patient groups, both at the gene expression level and at the protein level, although not as extensive as for HER3 and HER4.
Inconsistent results have been published with respect to the HER2 expression but the most recent studies seem to agree that only a minority of ovarian cancer overexpress HER2 (9, 18, 24, 25) . This was also seen in our study where only a small group of the ovarian cancer patients showed 2+ or 3+ overexpression by immunohistochemistry. Nevertheless, these studies almost exclusively measured HER2 by immunohistochemistry or FISH and included only cancer patients. Our quantitative HER2 protein analyses indicate, on the contrary, that the majority of the ovarian cancer patients have significantly higher HER2 protein levels compared to benign ovarian tumors and to normal ovaries. Interestingly, a study by Menendez et al (26) investigated whether heregulin induced transactivation of HER2 affected breast cancer cell sensitivity to chemotherapy and whether trastuzumab (a monoclonal antibody targeted against the HER2 receptor) treatment in HER2 negative cells increased chemo-sensitivity when combined with chemotherapy. Trastuzumab did induce receptor-enhanced chemo-sensitivity in the absence of HER2 overexpression in this study, but the author also suggested that this probably occurred through the kinase activity of HER2/HER3 dimerization and when the HER3 activating ligand, heregulin was in excess. The HER2 expression was accessed through densitometric immunoblotting in the study and no data on quantitative HER2 concentrations were reported, although it would be interesting to investigate if the effect of trastuzumab were through inhibition of HER2/HER3 dimerization or due to increased HER2 levels not detected by the method used. In our study a correlation between HER2 and HER3 protein concentrations were found and since the preferred partner for HER3 is known to be HER2 (27) , this correlation holds promise for a biological significance in ovarian cancer. In breast cancer, HER2 overexpression has likewise shown to be highly correlated with HER3 overexpression (28) . The signal produced from this particular partnership is supposed to be very potent and the most mitogenic dimerization (29) implying that the correlation of HER2 and HER3 found in our study could be a marker for the increased cell growth.
In the present study we found significantly decreased levels of HER1 protein in ovarian cancer patients compared to both benign and borderline ovarian tumors and also compared to patients with normal ovaries. Most published studies regarding HER1 have been performed on malignant tumor tissue and the vast majority of these studies measured HER1 expression using immunohistochemistry. HER1 overexpression has been reported in between 17-57% of the examined cases (4, 5, (30) (31) (32) (33) . Two studies have investigated the HER1 expression in benign ovarian tissue. One study (34) reported HER1 expression in 15.4% of normal ovaries and 13.3% of benign ovarian tumors, but did not include any comparison to malignant tumor tissue. Another study (35) reported on HER1 immunohistochemical expression in 58.7% of included 63 ovarian cancer patients but also found HER1 expression in 50% of the 6 patients included with benign tumors. As described above, the literature is very sparse in ovarian cancer and most studies are performed only in invasive tumors and do not include comparison to the expression levels in normal ovaries and benign ovarian tumors. Our study showed that HER1 protein levels in ovarian cancer are decreased compared to benign tumors and to normal ovaries and this has not been reported by others. Nevertheless, our observation in ovarian cancer agrees with previous work that reported on lower EGFR expression in breast cancer (36) (37) (38) .
The decreased tissue levels of HER1 could be due a system that is running very fast in a rapidly dividing tumor tissue with HER1 more or less constantly activated and hereby internalized, ubiquinated and degraded, so even though the HER1 levels seems to be low, the results we get from our analysis could be just a static picture of a dynamic process. This is suggested based on our data from the gene expression analysis showing no difference in the HER1 gene expression levels between the patient groups. This theory is also supported by data that have shown that the HER1 receptor upon ligand binding cluster over clathrin-coated regions of the cell membrane, which invaginates to form endocytotic vesicles. These vesicles mature to endosomes, while gradually decreasing their internal pH and accumulating hydrolytic enzymes that lead to receptor degradation. Interestingly, the other three HER receptors are endocytosis impaired and are more often recycled back to the surface (39) .
Other explanations could be diminished levels of HER1 caused by formation of hetero-or homodimers of the EGFR family masking the epitopes recognized by the EGFR ELISA assay or autoantibodies complexing with the HER1 extracellular domain and masking epitopes recognized by the EGFR assay.
Understanding the expression of these receptors in cancer is more than an academic exercise. The epidermal growth factor receptor family represents an attractive target for cancer therapy.
Recently, many therapeutic agents targeting the epidermal growth factor receptor family have entered the clinic. Trials of both small-molecule tyrosine kinase inhibitors (TKIs) of EGFR and antibody-based inhibitors are underway in ovarian cancer and emerging data suggest that their activity in unselected women with advanced ovarian cancer is modest (40, 41) . Finally, by taking advantage of the homology between kinase domains of the epidermal growth factor receptors, pan-EGFR inhibitors (TKIs) can be developed to target more than one member of the receptor family simultaneously.
In conclusion, our study demonstrated decreased concentration of HER1 protein and increased HER2, HER3 and HER4 protein concentrations, as well as elevated HER2-HER4 gene expression levels in ovarian cancer patients. Taken together, there may be a shift towards the reliance of cancer cells on HER2/HER3/HER4 signaling during progression from benign to malignant tumors. As we enter the age of molecular targeted therapies and the era of individualized medicine, the design of drugs towards molecular targets in cancer cells need to consider the differential expression of these targets within the cancer. This study provides a rational basis for the use of molecular targets based upon receptor expression and for the design of clinical trials involving targets against the EGFR family members.
